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1
NITRIDE SEMICONDUCTOR DEVICE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a U.S. continuation application of PCT
International Patent Application Number PCT/IJP2016/
001276 filed on Mar. 9, 2016, claiming the benefit of priority

of Japanese Patent Application Number 2015-103772 filed

on May 21, 2015, the entire contents of which are hereby
incorporated by reference.

BACKGROUND

1. Technical Field

The present disclosure relates to a nitride semiconductor
device.

2. Description of the Related Art

U.S. Patent Application Publication No. 2014/273417
discloses a Schottky barrier diode (SBD) including an n-type
GaN layer on which a guard ring including p-type GaN 1s
tformed. Particularly, U.S. Patent Application Publication
No. 2014/2773417 discloses that the structure in FIG. 11 has
the eflect of forming depletion regions along the top surface
of the n-GaN layer to reduce the concentration of charge of
the top surface, which results in enhanced breakdown per-
formance of the Schottky barrier diode.

SUMMARY

However, the structure according to U.S. Patent Applica-
tion Publication No. 2014/273417 has a problem that,
although the forward voltage can be reduced and the reverse
breakdown voltage can be increased, the peak forward surge
current cannot be increased enough.

In view of the above-described problem, the present
disclosure has an object of providing a nitride semiconduc-
tor device achieving a high reverse breakdown voltage, a
low forward voltage, and a high peak forward surge current.

In order to solve the above-described problem, a nitride
semiconductor device according to one aspect of the present
disclosure includes: a substrate having a first major surface
and a second major surface; a first nitride semiconductor
layer of a first conductivity type which 1s disposed on the
first major surface and has a protrusion; a second nitride
semiconductor layer of a second conductivity type disposed
on the protrusion; a first anode electrode disposed above the
first nitride semiconductor layer and the second nitride
semiconductor layer; and a cathode electrode disposed under
the second major surface, and a lateral surface of the
protrusion 1s inclined by a first angle with respect to the first
major surface.

With the present disclosure, 1t 1s possible to provide a
nitride semiconductor device achieving a high reverse
breakdown voltage, a low forward voltage, and a high peak
forward surge current.

BRIEF DESCRIPTION OF DRAWINGS

These and other objects, advantages and features of the
disclosure will become apparent from the following descrip-
tion thereof taken in conjunction with the accompanying
drawings that 1llustrate a specific embodiment of the present
disclosure.
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FIG. 1 1s a schematic cross-sectional view of a pn junction
including a guard ring formed by overetching a p-type GaN
layer;

FIG. 2 1s a plan view of a nitride semiconductor device
according to Embodiment 1;

FIG. 3 1s a cross-sectional view of the nitride semicon-
ductor device according to Embodiment 1;

FIG. 4A 1s a cross-sectional view illustrating a variation
of shapes of a protrusion of a first nitride semiconductor
layer and a second nitride semiconductor layer;

FIG. 4B 1s a cross-sectional view illustrating a variation
of shapes of the protrusion of the first nitride semiconductor
layer and the second nitride semiconductor layer;

FIG. 4C 1s a cross-sectional view illustrating a variation
of shapes of the protrusion of the first nitride semiconductor
layer and the second nitride semiconductor layer;

FIG. 5 1s a plan view of a nitride semiconductor device
according to Variation 1 of Embodiment 1;

FIG. 6 1s a plan view of a nitride semiconductor device
according to Variation 2 of Embodiment 1;

FIG. 7 1s a plan view of a nitride semiconductor device
according to Embodiment 2;

FIG. 8 1s a cross-sectional view of the nitride semicon-
ductor device according to Embodiment 2;

FIG. 9 1s a plan view of a nitride semiconductor device
according to Variation 1 of Embodiment 2;

FIG. 10 1s a plan view of a nitride semiconductor device
according to Variation 2 of Embodiment 2;

FIG. 11 1s a plan view of a nitride semiconductor device
according to Variation 3 of Embodiment 2;

FIG. 12 15 a plan view of a nitride semiconductor device
according to Variation 4 of Embodiment 2;

FIG. 13 15 a plan view of a nitride semiconductor device
according to Variation 5 of Embodiment 2;

FIG. 14 1s a cross-sectional view of a nitride semicon-
ductor device according to Embodiment 3; and

FIG. 15 1s a cross-sectional view of a nitride semicon-
ductor device according to Embodiment 4.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

L1l

Underlying Knowledge Forming Basis of the Invention

The inventors of the present disclosure found that the
conventional diode described 1n “Description of the Related
Art” above has the following problem.

In the structure according to U.S. Patent Application
Publication No. 2014/273417, when a forward voltage is
applied and holes are injected from the p-type GaN layer,
clectron-hole pairs recombine and thus light 1s emaitted at the
pn junction region between the p-type GaN layer and the
n-type GaN layer. By the light being reabsorbed in the
n-type GalN layer, electron-hole pairs are formed. Here, the
on-resistance 1s reduced due to the so-called photoconduc-
tive eflect: by the increase 1n hole density of the n-type GaN
layer, the n-type GalN layer 1s positively charged and the
cllective electron density 1s increased. This increases the
forward current at a time of high voltage application, which
improves the peak forward surge current. A diode having a
high peak forward surge current is less likely to be broken
by a rapid inflowing of a surge current.

Here, the guard ring i1s generally formed by selectively
ctching the p-type GaN layer. At this time, when the p-type
GaN layer remains 1n a region other than the guard ring, the
Schottky contact region 1s reduced and the pn junction
region 1s increased, which increases the forward voltage.
However, in manufacturing, 1t 1s dithicult to completely
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remove the p-type GaN layer only. In view of the above, as
a way to completely remove the p-type GaN layer from the
region other than the guard ring, overetching the p-type GaN
layer to remove also a part of the surface of the n-type GalN
layer 1s one option.

FI1G. 1 1s a schematic cross-sectional view of a pn junction
having a guard ring formed by overetching the p-type GaN
layer. The guard ring formed by the above-described manu-
facturing method 1s, as illustrated i FIG. 1, disposed on the
protrusion formed on the surface of the n-type GaN layer. In
this case, the light emitted at the pn junction region can be
diffused only immediately under the guard ring, because a
lateral surface of the protrusion becomes an obstacle. There-
tore, the light hardly reaches the outside of the guard ring 1n
a plan view, which makes the eflect of reduction in the
on-resistance brought by the photoconductive effect msui-
ficient. In other words, the guard ring having the shape
illustrated 1 FIG. 1 has a problem that the peak forward
surge current cannot be sufliciently increased.

In order to solve the above-described problem, a nitride
semiconductor device according to one aspect of the present
disclosure includes: a substrate having a first major surface
and a second major surface; a first mitride semiconductor
layer of a first conductivity type which 1s disposed on the
first major surface and has a protrusion; a second nitride
semiconductor layer of a second conductivity type disposed
on the protrusion; a first anode electrode disposed above the
first nitride semiconductor layer and the second nitride
semiconductor layer; and a cathode electrode disposed under
the second major surface, and a lateral surface of the
protrusion 1s inclined by a first angle with respect to the first
major surface.

With this aspect, 1t 1s possible to provide a nitride semi-
conductor device achieving a high reverse breakdown volt-
age, a low forward voltage, and a high peak forward surge
current.

The following describes embodiments of a nitride semi-
conductor device according to the present disclosure with
reference to the Drawings. Constituent elements represent-
ing substantially the same structures may be assigned with
the same reference numbers and the explanation may be
omitted in some cases. Note that each of the embodiments
described below 1s a specific example of the present disclo-
sure. The numerical values, shapes, materials, constituent
clements, the arrangement and connection of the constituent
clements, etc. shown 1n the following embodiments are mere
examples, and thus do not determine the present disclosure.
Various modifications to the embodiments that can be con-
ceived by those skilled in the art which are within the
essence of the present disclosure may be included i the
scope ol the present disclosure. At least a part of the

embodiments and variations may be combined within the
essence ol the present disclosure.

Embodiment 1

FIG. 2 1s a plan view of a mitride semiconductor device
according to Embodiment 1. FIG. 2 1s a plan view excluding
insulating film 107 and first anode electrode 108 which will
be described later. FIG. 3 1s a cross-sectional view of the
nitride semiconductor device according to Embodiment 1.
FIG. 3 1s a cross-sectional view, at an III-III line, of the
semiconductor device in FIG. 2. As 1llustrated in FIG. 3, the
nitride semiconductor device according to Embodiment 1
includes substrate 101, first nitride semiconductor layer 102,
second nitride semiconductor layer 103, recess 104, mesa
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105, 1njection separation portion 106, mnsulating film 107,
first anode electrode 108, and cathode electrode 110.

Substrate 101 1s, for example, a GaN substrate of an
n-type (first conductivity type) including an n-type impurity.
Substrate 101 has first major surface 130 and second major
surface 132, and has a film thickness 1n a range of from 300
um to 600 um. Note that silicon (S1) and germamum (Ge)
can be used as the n-type impurity, and magnesium (Mg) can
be used as the p-type impurity. Hereinafter, unless otherwise
noted, n-type- and p-type-indicates inclusion of the respec-
tive one ol the above-described impurities. Substrate 101
may be a substrate other than a GaN substrate, and may be
any substrate that 1s conductive and lattice-matches with a
semiconductor layer on substrate 101 within an acceptable
range from the perspective of properties of the device. For
example, an n-type gallium oxide (Ga,O;) substrate and an
n-type silicon carbide (S1C) substrate may be adopted.
Although an n-type Si1 substrate may be used, 1n this case, a
bufler layer may be provided to lattice-match the n-type Si
substrate with the upper layers.

First mitride semiconductor layer 102 1s, for example, an
n-type GaN layer disposed on an upper surface (first major
surface) of substrate 101. First nitride semiconductor layer
102 has a film thickness 1n a range of from 10 um to 20 um,
for example. The n-type impurity has a concentration 1n a
range of from approximately 1x10"> cm™ to 1x10"" cm™,
for example. First nitride semiconductor layer 102 1s formed
by the metal organic chemical vapor deposition (MOCVD),
for example.

First nitride semiconductor layer 102 has protrusion 112
formed by overetching which will be described below. In the
present Specification, the “protrusion” may have, 1n a cross-
sectional view, a corner angle which 1s one of a right angle,
an obtuse angle, and rounded.

Second nitride semiconductor layer 103 1s, for example, a
p-type (second conductivity-type) GaN layer disposed on
first mitride semiconductor layer 102, and more specifically,
on protrusion 112. Second nitride semiconductor layer 103
functions as a guard ring.

Second nitride semiconductor layer 103 has a film thick-
ness 1 a range of from 300 nm to 600 nm, for example.
Second nitride semiconductor layer 103 1s formed by form-
ing the p-type GalN layer by MOCVD, and dry etching a part
of the p-type GaN layer after resist patterning, for example.
Here, the resist 1s tapered by, for example, annealing the
resist with an electric griddle after the resist patterming at a
temperature of 120 degrees Celsius for approximately five
minutes. When dry etching 1s performed aiter the annealing,
a taper corresponding to the shape of the resist 1s formed 1n
recess 104 and mesa 105. An angle of the taper can be
controlled by the annealing temperature and time. Since the
taper allows more light to be diffused in the horizontal
direction, on-resistance 1s reduced by the photoconductive
cllect at the portion mrradiated with light. As described
below, 1t 1s suflicient that at least a lateral surface of
protrusion 112 1s inclined with respect to an interface
between first nitride semiconductor layer 102 and second
nitride semiconductor layer 103.

Recess 104 and mesa 105 are formed to reach first nitride
semiconductor layer 102. It 1s suflicient that second nitride
semiconductor layer 103 1s arranged 1n a ring shape 1n a plan
view, and 1n the present embodiment, second nitride semi-
conductor layer 103 1s approximately circular. The intended
meaning of the word “approximately” 1s to mclude manu-
facturing errors, and in this case, the circle 1s not limited to
a true circle.
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With the above structure, when light 1s emitted due to
recombination of electron-hole pairs at the pn junction
region between {first nitride semiconductor layer 102 and
second nitride semiconductor layer 103, a greater amount of
light 1s diffused 1nto first nitride semiconductor layer 102 on
an outer side of second mitride semiconductor layer 103 1n a
plan view. Therelfore, the on-resistance of the entire device
can be reduced by the photoconductive effect. With this, the
forward current at a time of high voltage application
increases and the peak forward surge current can be
improved.

Injection separation portion 106 i1s formed to enclose
second nitride semiconductor layer 103 1in a plan view.
Injection separation portion 106 1s formed by, for example,
implanting boron 1ons after the above-described resist pat-
terning.

Insulating film 107 covers a part of mesa 105 and a part
of second nitride semiconductor layer 103. Insulating film
107 1s formed by, for example, plasma Chemical Vapor
Deposition (CVD), and includes silicon dioxide (S10,), for
example. Alter the resist patterning described above, a part
of insulating film 107 1s dry-etched to expose a part of recess
104 and a part of second nitride semiconductor layer 103.
Insulating film 107 has a film thickness 1n a range of from
300 nm to 1000 nm, for example.

First anode electrode 108 1s disposed above first nitride
semiconductor layer 102 and second nitride semiconductor
layer 103. First anode electrode 108 1s 1n Schottky contact
with first nitride semiconductor layer 102 1n recess 104. First
anode electrode 108 1s 1n ohmic contact with second nitride
semiconductor layer 103. First anode electrode 108 includes
palladium (Pd) and gold (Au) and 1s formed by an electron
beam (EB) evaporation technique. First anode electrode 108
has a film thickness 1n a range of, for example, from 100 nm
to 300 nm for Pd and 1n a range of from 100 nm to 500 nm
for Au.

Cathode electrode 110 1s disposed under a back surface
(second major surface) of substrate 101. Cathode electrode
110 1s, for example, a stacked body including titanium ('11)
disposed closer to substrate 101 and Au disposed on Ti. Ti
has a film thickness 1n a range of from 50 nm to 100 nm, and
Au has a film thickness 1n a range of from 100 nm to 300 nm.
Cathode electrode 110 1s formed by, for example, EB
gvaporation.

FIG. 4A, FIG. 4B, and FIG. 4C are cross-sectional views
illustrating variations in shapes of protrusion 112 of {first
nitride semiconductor layer 102 and second nitride semi-
conductor layer 103. Constituent elements such as elec-
trodes and insulating films are omitted. Although the draw-
ings 1iclude lateral surfaces drawn linearly for convenience,
a case where the lateral surfaces are rounded due to manu-
facturing errors etc. 1s also included 1n the scope of the
present disclosure.

In the structure 1llustrated 1n FIG. 4A, the lateral surface
of protrusion 112 1s inclined by an angle of 81 with respect
to the first major surface of substrate 101. With this struc-
ture, the light emitted from depletion layer 113 1s likely to
be diffused. Therefore, the on-resistance of the entire device
can be reduced by the photoconductive eflect. Note that 01
may be 1n a range ol from 30 degrees to 80 degrees.

In the structure illustrated in FIG. 4B, not only the lateral
surface of protrusion 112 but also at least part of a lateral
surface of second nitride semiconductor layer 103 1s inclined
by the angle of 02 with respect to the first major surface of
substrate 101. The part of the lateral surface may be a lateral
surface of a lower portion of second nitride semiconductor
layer 103 and intersect with an interface between first nitride
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semiconductor layer 102 and second nitride semiconductor
layer 103. Note that 02 may be 1n a range of from 30 degrees
to 80 degrees.

With this structure, the light emitted at depletion layer
113, especially at a side closer to second nitride semicon-
ductor layer 103, 1s more likely to be diffused as compared
with the structure illustrated in FIG. 4A. Therefore, the
on-resistance of the entire device can be further reduced by
the photoconductive eflect.

In the structure illustrated in FIG. 4C, an entirety of the
lateral surface of second nitride semiconductor layer 103 1s
inclined by the angle of 03 with respect to the first major
surface of substrate 101. Note that 03 may be 1n a range of
from 30 degrees to 80 degrees.

The structure illustrated 1n FIG. 4C 1s the same as the
structure 1llustrated 1n FIG. 3. With this structure, even when
depletion layer 113 expands to the vicinity of the top surface
of second mitride semiconductor layer 103, the emitted light
1s more likely to be diffused as compared with the structure
illustrated 1n FIG. 4B. Therefore, the on-resistance of the
entire device can be further reduced by the photoconductive
cllect.

The above structure allows providing a nitride semicon-
ductor device achieving a high reverse breakdown voltage,
a low forward voltage, and a high peak forward surge
current.

Variation 1 of Embodiment 1

FIG. 5 1s a plan view of a nitride semiconductor device
according to Vanation 1 of Embodiment 1. In the present
embodiment, first anode electrode 108 may have a substan-
tially quadrangular shape in a plan view. Furthermore,
second nitride semiconductor layer 103 may have, 1n a plan
view, an 1ner periphery i one of a substantially quadran-
gular shape and a substantially circular shape. Furthermore,
second nitride semiconductor layer 103 may have, 1n a plan
view, an outer periphery in a substantially quadrangular
shape. Here, the quadrangular shape includes a square, a
rectangle, and a rhombus.

With this structure, 1n the case where plural diodes are
formed on a single semiconductor layer, the diodes can be
installed with an improved ethiciency, which leads to cost
reduction.

Here, it 1s possible to suppress the reduction in breakdown
voltage due to the electric field strength at the corner of first
anode electrode 108 by chamiering or filleting the corners of
first anode electrode 108.

Varnation 2 of Embodiment 1

FIG. 6 1s a plan view of a nitride semiconductor device
according to Variation 2 of Embodiment 1. In the present
embodiment, first anode electrode 108 may have a substan-
tially circular shape in a plan view. Furthermore, second
nitride semiconductor layer 103 may have, in a plan view, an
inner periphery in one of substantially hexagonal shape and

a substantially circular shape. Furthermore, second nitride
semiconductor layer 103 may have, 1n a plan view, an outer
periphery 1n a substantially hexagonal shape.

With this structure, in the case where plural diodes are
formed on a single semiconductor layer, 1t 1s possible to
arrange the diodes like a honeycomb (wasps’ nest). Thus, the
diodes can be istalled with an improved efliciency, which
leads to cost reduction.

Embodiment 2

FIG. 7 1s a plan view of a nitride semiconductor device
according to Embodiment 2. FIG. 7 1s a plan view excluding
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insulating film 107 and first anode electrode 108. FIG. 8 1s
a cross-sectional view of the nitride semiconductor device
according to Embodiment 2. FIG. 8 1s a cross-sectional view,
at a VIII-VIII line, of the semiconductor device in FIG. 7. As
illustrated 1n FIG. 8, the nitride semiconductor device
according to Embodiment 2 includes substrate 101, first
nitride semiconductor layer 102, second nitride semicon-
ductor layer 103, recess 104, mesa 105, injection separation
portion 106, mnsulating film 107, first anode electrode 108,
and cathode electrode 110.

Hereinafter, description on Embodiment 2 will be pro-
vided focusing on differences from Embodiment 1.

In the plan view illustrated i FIG. 7, second nitride
semiconductor layer 103 1s arranged substantially concen-
trically, and 1n the cross-sectional view of FIG. 8, plural
recesses 104 are formed. It 1s suflicient that the number of
substantially concentric rings 1s at least two.

With this structure, the pn junction region 1s expanded as
compared with that in Embodiment 1. Accordingly, the light
1s more likely to be diffused into the entire device. Thus, the
on-resistance 1s reduced by the photoconductive efiect.

Variations of Embodiment 2

FIG. 9 to FIG. 13 each illustrates a variation of the present
embodiment 1n a plan view.

FIG. 9 1s a plan view of a mitride semiconductor device
according to Variation 1 of Embodiment 2. In FIG. 9, second
nitride semiconductor layer 103 1s arranged substantially
concentrically and has an outer periphery 1n a substantially
quadrangular shape.

FIG. 10 1s a plan view of a nitride semiconductor device
according to Variation 2 of Embodiment 2. In FIG. 10,
second mitride semiconductor layer 103 1s not divided into
plural layers. In other words, second nitride semiconductor
layer 103 has, 1n a plan view, plural substantially fan-shaped
recesses 104 spaced apart from each other.

FIG. 11 1s a plan view of a nitride semiconductor device
according to Vanation 3 of Embodiment 2. In FIG. 11,
second nitride semiconductor layer 103 has, in a plan view,
plural slit-like recesses 104.

FIG. 12 1s a plan view of a nitride semiconductor device
according to Variation 4 of Embodiment 2. In FIG. 12, 1n a
plan view, plural recesses 104 are arranged 1n a matrix in
second nitride semiconductor layer 103. Recess 104 may
have, 1n a plan view, one of a substantially circular shape, a
substantially quadrangular shape, and a substantially hex-
agonal shape, for example.

FIG. 13 1s a plan view of a nitride semiconductor device
according to Variation 5 of Embodiment 2. In FIG. 13, 1n a
plan view, second nitride semiconductor layer 103 includes
plural 1sland structures 120 and encloses plural 1sland struc-
tures 120. Island structure 120 may have, 1n a plan view, one
of a substantially circular shape, a substantially quadrangu-
lar shape, and a substantially hexagonal shape, for example.

Embodiment 3

FIG. 14 1s a cross-sectional view of a nitride semicon-
ductor device according to Embodiment 3. As illustrated 1n
FIG. 14, the nitride semiconductor device according to
Embodiment 3 includes substrate 101, first nitride semicon-
ductor layer 102, second nitride semiconductor layer 103,
recess 104, mesa 105, injection separation portion 106,
insulating film 107, first anode electrode 108, cathode elec-
trode 110, and quantum well active layer 115. The nitride
semiconductor device according to the present embodiment
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differs 1n structure trom the nitride semiconductor device
according to Embodiment 1 1n that quantum well active

layer 115 1s provided between first nitride semiconductor
layer 102 and second nitride semiconductor layer 103.
Heremafter, description on Embodiment 3 will be provided
focusing on differences between Embodiment 1.

Quantum well active layer 115 includes, for example,
In Al Ga,,_, ,N (0O=x=1, Osy=l, O=x+y=l1), and has a quan-
tum level greater than or equal to a band gap of first nitride
semiconductor layer 102. Quantum well active layer 115
may have a low impurity concentration, and have a magne-
stum (Mg) concentration and silicon (S1) concentration
equal to or less than 1x10'® cm ™. Quantum well active layer
115 may be undoped, that i1s, may not be intentionally
introduced with impurities. In this case, quantum well active
layer 115 1s substantially depleted, which improves the
reverse breakdown voltage further.

It 1s suflicient that recess 104 reaches {first nitride semi-
conductor layer 102. Lateral surfaces of quantum well active
layer 115 may be inclined with respect to first major surface
130 by a same angle as the angle of the lateral surface of
protrusion 112.

Quantum well active layer 115 may have a film thickness
in a range of from 1 nm to 10 nm. Second nitride semicon-
ductor layer 113 may have a film thickness 1n a range of from
300 nm to 600 nm, for example.

With this structure, electrons are likely to be confined 1n
quantum well active layer 115, which increases the prob-
ability of recombination and the amount of light emission.
As a result, the on-resistance 1s further reduced by the
photoconductive eflect.

Embodiment 4

FIG. 15 1s a cross-sectional view of a nitride semicon-
ductor device according to Embodiment 4. As illustrated 1n
FIG. 15, the mitride semiconductor device according to
Embodiment 4 includes substrate 101, first nitride semicon-
ductor layer 102, second nitride semiconductor layer 103,
recess 104, mesa 105, injection separation portion 106,
insulating film 107, first anode electrode 108, second anode
electrode 109, and cathode electrode 110. The nitride semi-
conductor device according to the present embodiment
differs in structure from the nitride semiconductor device
according to Embodiment 1 1n that second anode electrode
109 i1s provided on second nitride semiconductor layer 103.
Hereinafter, description on Embodiment 4 will be provided
focusing on diflerences between Embodiment 1.

First anode electrode 108 1s in Schottky contact with first
nitride semiconductor layer 102, and second anode electrode
109 1s 1n ohmic contact with second nitride semiconductor
layer 103.

When lowering a forward voltage V1, 1t 1s required to
lower Schottky barrier height. In order to lower Schottky
barrier height, 1t 1s required to make work-function of metal
smaller. However, with metal having a small work-function,
it 1s dithcult to form an excellent ohmic contact with the
p-type semiconductor layer. In the case where metal having
a large work-function 1s used to ensure ohmic contact with
the p-type semiconductor layer, VI increases which
increases the loss.

In contrast, with the structure according to the present
embodiment, 1t becomes possible to select an optimal mate-
rial for the anode electrode, which achieves a low Vi and
high forward surge current. The optimal maternial for the
anode electrode shows an excellent Schottky contact with
low VT for first nitride semiconductor layer 102 and shows




US 10,355,143 B2

9

a low contact resistance for second nitride semiconductor
layer 103 which 1s the p-type semiconductor layer.

Second anode electrode 109 includes material which 1s 1n
ohmic contact with second nitride semiconductor layer 103,
for example at least one of nickel (N1), platinum (Pt), and
Au, and 1s formed by EB evaporation, for example. Second
anode electrode 109 has a film thickness 1n a range of from
100 nm to 300 nm for N1, 100 nm to 300 nm for Pt, and 100

nm to 500 nm for Au, for example.

Other Embodiments

Note that the nitride semiconductor device according to

the present disclosure 1s not defined by those described in
Embodiments 1 to 4 and their Vanations. Other embodi-
ments achieved by combining arbitrary constituent elements
in the above embodiments and variations, modifications
obtained by applying various modifications conceived by
those skilled in the art to the above embodiments and
variations as long as they do not depart from the essence of
the present disclosure, and various devices including the
nitride semiconductor device according to the embodiments
and variations are also included 1n the present disclosure.

INDUSTRIAL APPLICABILITY

The nmitride semiconductor device according to the present
disclosure 1s usetul as power devices for automobile, indus-
trial, and consumer use, for example.

What 1s claimed 1s:

1. A nitrnde semiconductor device, comprising:

a substrate having a first major surface and a second major
surface:

a first nitride semiconductor layer of a first conductivity
type which 1s disposed on the first major surface and
has a protrusion;

a second nitride semiconductor layer of a second conduc-
tivity type disposed on the protrusion;

a first anode electrode disposed above the first nitride
semiconductor layer and the second nitride semicon-
ductor layer; and

a cathode electrode including titanium and disposed under
the second major surface, wherein:

a lateral surface of the protrusion 1s inclined by a first
angle with respect to the first major surface,

the second nitride semiconductor layer has a plurality of
recesses, and

the plurality of recesses are arranged 1n a matrix in a plan
view of the substrate.

2. The nitride semiconductor device according to claim 1,

wherein each of the plurality of recesses reaches the first
nitride semiconductor layer.

3. The nitride semiconductor device according to claim 1,

turther comprising:

a second anode electrode which 1s 1n ohmic contact with
the second nitride semiconductor layer,

wherein the second anode electrode 1s electrically con-
nected with the first anode electrode.
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4. The nitride semiconductor device according to claim 1,

wherein the first angle 1s 1n a range of from 30 degrees to
80 degrees.

5. The nitride semiconductor device according to claim 1,

wherein at least a part of a lateral surface of the second
nitride semiconductor layer 1s inclined by a second
angle with respect to the first major surface.

6. The nitride semiconductor device according to claim 5,

wherein the second angle 1s 1n a range of from 30 degrees
to 80 degrees.

7. The mitride semiconductor device according to claim 1,

wherein an enftirety of the lateral surface of the second
nitride semiconductor layer 1s inclined by a third angle
with respect to the first major surface.

8. The nitride semiconductor device according to claim 7,

wherein the third angle 1s 1n a range of from 30 degrees
to 80 degrees.

9. A nitride semiconductor device, comprising:

a substrate having a first major surface and a second major
surface;

a first nitride semiconductor layer of a first conductivity
type which 1s disposed on the first major surface and
has a protrusion;

a second mitride semiconductor layer of a second conduc-
tivity type disposed on the protrusion;

a first anode electrode disposed above the first nitride
semiconductor layer and the second nitride semicon-
ductor layer; and

a cathode electrode including titamium and disposed under
the second major surface, wherein:

a lateral surface of the protrusion 1s inclined by a first
angle with respect to the first major surface, and

the second nitride semiconductor layer includes a plural-
ity of 1sland structures and encloses the plurality of
island structures 1n a plan view of the substrate.

10. A nitride semiconductor device, comprising:

a substrate having a first major surface and a second major
surface:

a first nitride semiconductor layer of a first conductivity
type which 1s disposed on the first major surface and
has a protrusion;

a second mitride semiconductor layer of a second conduc-
tivity type disposed on the protrusion;

a first anode electrode disposed above the first nitride
semiconductor layer and the second nitride semicon-

ductor layer;

a cathode electrode including titanium and disposed under
the second major surface; and

a quantum well active layer which 1s disposed between
the first nitride semiconductor layer and the second
nitride semiconductor layer and has a quantum level
greater than a band gap of the first nitride semiconduc-
tor layer,

wherein a lateral surface of the protrusion 1s inclined by
a first angle with respect to the first major surface.

11. The nitride semiconductor device according to claim

55 10,

wherein a lateral surface of the quantum well active layer
1s mnclined by the first angle with respect to the first
major surface.
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